This paper describes an improved sandwich enzyme immunoassay for insulin in human serum. The detection limit was significantly improved from 0·1 mUlL to 0·02 mUlL, by incubation with guinea-pig anti-insulin Fab'-peroxidase conjugate in the presence of normal guinea-pig F(ab'h to reduce the non-specific binding of the conjugate. The degree of serum interference was considerably reduced by coating polystyrene balls with acid-treated anti-insulin IgG and by incubating the polystyrene balls with serum samples at a lower temperature for a shorter time. The time for incubation with anti-insulin Fab'-peroxidase conjugate was also shortened. As a result, the volume of serum that could be used increased from 10 III to 50 Ill, and the time for immuno-reactions was reduced from 8 h to 4 h. Applicability of the present improvement to enzyme immunoassay of other antigens in human serum is discussed.
We described a method for the conjugation of Fab' to horseradish peroxidase using thiol groups in the hinge of Fab' by the reaction of thiol and maleimide groups or by the thioldisulphide exchange reaction (the hinge methodj.l-? The conjugate prepared by the hinge method was shown to be superior in both sandwich enzyme immunoassay and immunohistochemical staining to the corresponding conjugates prepared by the non-hinge methods in which the enzyme was conjugated through amino groups of Fab,l, 2 and made it possible to develop highly sensitive sandwich enzyme immunoassays for insulin and growth hormone in human serum.v 4 However, these assays were time-consuming, and the volume of serum that could be used was seriously limited because of serum interference.
This paper describes a more sensitive sandwich enzyme immunoassay for insulin in human Correspondence: Professor Eiji Ishikawa, Department of Biochemistry, Medical Collegeof Miyazaki, Kiyotake, Miyazaki 889--16, Japan. 54 serum, which could be performed within a shorter time with less serum interference.
Materials and methods

BUFFERS
The frequently used buffers were 0·01 mollL sodium phosphate buffer, pH 7·0, containing 1 gIL bovine serum albumin (fraction V, Armour Pharmaceutical Co., Kankakee, Illinois, USA) (buffer A) and 0·01 mollL sodium phosphate buffer, pH 7·0, containing 0·1 mollL NaCI (buffer B).
PREPARATION OF ANTI-INSULIN IgG
Anti-insulin IgG was salted out from guinea-pig (anti-porcine insulin) serum (Medical and Biological Laboratories Co. Ltd, Nagoya, Japan) with Na2S04 followed by passage through a column of diethylaminoethyl cellulose, and its amount was calculated from absorbance at 280 nm.'
PREPARATION OF INSULIN-SEPHAROSE 4B
Porcine insulin (Insulin Novo Actrapid MC, Novo Industry NS, Copenhagen, Denmark) was mercaptosuccinylated and coupled to activated thiol Sepharose 4B (Pharmacia Fine Chemicals AB, Uppsala, Sweden). Insulin (18 mg) in 10 mL of 0·1 rnol/L sodium phosphate buffer, pH 7·0, was incubated with S-acetylmercaptosuccinic anhydride (4 mg) in 0·1 mL of N ,N-dimethylformamide at 30°C for 30 min with continuous shaking. To the reaction mixture were added 0·5 mL of 0·1 mol/L Tris-HCI buffer, pH 7·0, 0·035 mL of 0·1 rnol/L EDTA, pH 7·0 and 0·5 mL of 1 rnol/L hydroxylamine, pH 7·0, and incubation was continued at 30°C for 5 min to remove acetyl groups. The reaction mixture was subjected to gel filtration on a column (2x45 ern) of Sephadex G-25 using 0·1 mol/L sodium phosphate buffer, pH 6,0, containing 5 mmol/L EDTA. The rnercaptosuccinylated insulin (5 mg) was coupled to activated thiol Sepharose 4B (3 g) according to the instructions of Pharmacia. The amount of insulin was calculated from the measured absorbance at 280 nm by taking the extinction coefficient and molecular weight to be 0·9 g-I·L·cm-1 and 5778, respectively.P-6' ASSAY OF PEROXIDASE ACTIVITY Peroxidase activity was assayed by fluorimetry using 3-(4-hydroxy-phenyl)propionic acid as a substrate.:' Fluorescence intensity was measured relative to 1·0 mgIL quinine in 0·05 rnol/L H 2S04 using a Simadzu spectrofluorophotometer (RF-51O, Simadzu Seisakusho Ltd, Kyoto, Japan).
PREPARATION OF AFFINITY-PURIFIED ANTI-INSULIN FAB'-PEROXIDASE CONJUGATE
Anti-insulin Fab' before affinity-purification was conjugated to horseradish peroxidase (grade I, lyophilised, RZ=3·0, Boehringer Mannheim GmbH, Mannheim, West Germany) using N-succinimidyl 6-maleimidohexanoate, and the amount of the conjugate was calculated from absorbance at 403 nrn.': 7
The conjugate before affinity-purification (4·5 mg) in 8·0 mL of 0·1 rnol/L sodium phosphate buffer, pH 6·5, containing 1 gIL bovine serum albumin and 50 mgIL merthiolate, was applied to a column (3·5x3·0 mm) of insulin-Sepharose 48 at a flow rate of 2 mUh using 0·1 mol/L sodium phosphate buffer, pH 7·0, containing 0·1 mol/L NaCI and 1 giL bovine serum albumin. The adsorbed conjugate was eluted with 0·5 mLofO·1 mol/L glycine-HCI buffer, pH 2,5, containing 1 g/L bovine serum
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albumin. pH of the eluate was adjusted to 7·0 by adding 0·1 mLofO·5 mol/L Tris-HCl, pH8·0. The amount of the affinity-purified conjugate was calculated from peroxidase activity to be 59 IJ.g. In order to remove a small amount of insulin-anti-insulin Fab'-peroxidase conjugate complexes formed during affinity-purification, the affinity-purified conjugate was subjected to gel filtration on a column (1'Ox45 em) of Ultrogel AcA 44 using buffer A containing 0·1 mol/L NaCl. The conjugate in peak fractions Cf4 ml.) was pooled and concentrated to 0·5 mL in a Centricon-30 centrifugal micro concentrator (Amicon Corp., Scientific Systems Division, Danvers, Mass., USA) by centrifugation at 5000 rpm at 4°C for 30 min. 
Results
RADIOIMMUNOASSAY
A competitive radioimmunoassay for insulin was performed using Insulin Riabead (Dainabot Radioisotope Laboratories, Tokyo, Japan).
ELIMINATION OF SERUM INTERFERENCE
Various conditions were tested in order to improve the detection limit of insulin in terms of mUlL of serum by minimising serum interference and increasing the volume of serum that could be used. Elimination of serum interference was confirmed by a recovery test in which insulin standards were added to serum samples (Table 1) .
The degree of serum interference was considerably reduced by incubation of anti-insulin IgG-coated polystyrene balls with serum samples at a lower temperature (20°C rather than 37°C as described in a previous reporr') for a shorter time (1 h rather than 4 h as in the previous report'). A further improvement was obtained by coating polystyrene balls with
IMPROVEMENT OF THE DETECTION LIMIT OF INSULIN USING NORMAL GUINEA-PIG F(AB'h
The non-specific binding of guinea-pig antiinsulin Fah-peroxidase conjugate to guinea-pig anti-insulin IgG-coated polystyrene balls was significantly reduced with little change in the specific binding by incubation of the solid phase with the conjugate in the presence of normal guinea-pig F(ab'h, and the detection limit of insulin in terms of nU/tube was improved 1·7-fold. Therefore, normal guinea-pig F(ab/h was added in further experiments.
EXPRESSION OF DETECTION LIMIT
The detection limit was taken as the minimal amount of insulin which gave peroxidase activity bound significantly above that nonspecifically bound in the absence of insulin (background). The existence of a significant difference from the background was confirmed by the t-test.
0·1 rnol/L NaCI at 20°C for 1, 3 or 4 h with continuous shaking. After removing the conjugate solution, the polystyrene ball was incubated twice with 2 mL of buffer B at 30°C for 10 min with continuous shaking and washed as described above. Peroxidase activity bound was assayed at 30°C for 10 or 60 min as described above.
acid-treated anti-insulin IgG. Thus, the volume of serum that could be used without serum interference increased from 10 ul, to 50 ul., On the basis of these findings, acid-treated anti- insulin IgG-coated polystyrene balls were incubated with 50 III of serum samples or insulin standards at 20°C for 1 h and then with the conjugate in the presence of normal guinea-pig F(ab'h at 20°C for 3 h (instead of 4 h as in the previous reporr'), followed by a 6O-minassay of bound peroxidase activity in the following experiments, unless otherwise described.
ASSAY PRECISION
Precision was examined at 10 different serum insulin levels oyer the range of 4·0-54·1 mUlL.
DETECTION LIMIT OF INSULIN
The detection limit of insulin was 1 nUltube and 0·02 mUlL using 50 ilL of serum ( Fig. 1) . Coefficients of within-assay and between-assay variations was 6·8-10·4% (n=20) and 8·4-10·2% (n=20), respectively ( Table 2) .
COMPARISON WITH RADIOIMMUNOASSAY
Insulin levels in 93 serum samples (1·8-176·8 mUlL) were determined by the sandwich enzyme immunoassay (EIA) described above and by a competitive radioimmunoassay (RIA). The regression equation was y(EIA)= 1·17 x(RIA)--6'7, r=0·98 (Fig. 2) .
SERUM INSULIN LEVEL IN NORMAL
SUBJECTS
Serum samples were collected from normal adults, aged 33-69 years, at 9·()() am after an overnight fast and subjected to the sandwich enzyme immunoassay described above. The serum levels of insulin were 8·5±4·3 (SD) mUlL (n=l1).
The lowest serum level of insulin in normal adults was 3·5 mUlL and could be determined by a much shorter assay with a detection limit of 0·2 mUlL, in which the solid phase was incubated with serum samples at 20°C for 1 hand with the conjugate at 20°C for 1 h, followed by a lO-min assay of bound peroxidase activity (Fig.  1 ).
Discussion
The non-specific binding of guinea-pig antiinsulin Fab'-peroxidase conjugate to guinea-pig anti-insulin IgG-coated polystyrene balls was significantly reduced with little change in the specific binding by incubation in the presence of normal guinea-pig F(ab'h. A more remarkable effect was observed in sandwich enzyme immunoassay for other antigens including human IgE, human chorionic gonadotrophin, human a-fetoprotein and human growth hormone using rabbit and goat Fab' conjugated to horseradish peroxidase or I3-D-galactosidase from Escherichia coli. Not only normal F(ab'h but also normal IgG, Fab' and Fab' -bovine serum albumin conjugate were effective. Thus, the detection limit of other antigens by sandwich enzyme immunoassay has been improved 3-10fold in this laboratory.
Serum interference in sandwich enzyme immunoassay may be caused by physical adsorption of serum proteins to antibody-coated solid phase, preventing the specific binding of antigen and/or antibody-enzyme conjugate to antibodies or antigen-antibody complexes on the solid phase by steric hindrance. This speculation is consistent with the fact that the degree of serum interference was reduced by incubation of the solid phase with serum samples at a lower temperature for a shorter time.
The Fe portion of IgG molecule undergoes a conformational change at pH 2·5 and may not completely restore its original structure." As a result, the acid-treated IgG may be adsorbed on the surface of polystyrene balls in such a way that antigens and/or antibody-enzyme conjugates may bind to antibodies or antigenantibody complexes on the solid phase with less steric hindrance by adsorbed serum proteins.
The degree of serum interference in sandwich enzyme immunoassay for other antigens such as human growth hormone and human chorionic gonadotrophin was reduced in the same way as described above. Therefore, the present result is applicable to sandwich enzyme immunoassay for other antigens, as far as the antigen-binding activity is preserved during the acid-treatment.
